Accumulation of phosphate by washed, stored suspensions of stationary phase streptococcal strain SL-I is strictly energy-dependent, essentially unidirectional and coupled stoichiometrically to acid production. At saturating concentrations of extracellular glucose and phosphate, incubation at varying pH values alters the rates of phosphate accumulation and concomitant fermentation of glucose such that coupling remains intact. Extracellular pH, while not affecting the coupling of phosphate accumulation to acid production, determines the total capacity for accumulation of phosphate and consequently the point of uncoupling of these processes. The conditions of cell storage profoundly affect the pH dependency of phosphate accummulation. During phosphate accumulation, the intracellular o-P04 pool contracts by more than 50%. About half of the accumulated phosphate appears in a high molecular weight fraction (i.e. insoluble in cold HClOJ under conditions which contraindicate net nucleic acid synthesis, protein synthesis or the incorporation of exogenous glucose carbon into high molecular weight cell constituents. The data are consistent with the hypothesis that stationary phase streptococcus SL-I synthesizes inorganic polyphosphates.
INTRODUCTION
A microaerophilic extracellular dextran-producing streptococcus strain SL-I has been isolated from the mouth of a human and is typical of the HS strains of Fitzgerald & Keyes (1960)~ which characteristically form heavy bacterial masses adhering to the surface of teeth. They are associated withItooth decay in hamsters.
Organisms of this type may rapidly accumulate phosphate from their environment (Luoma, 1964) . The present study describes a stoichiometric coupling of phosphate phase was reached. Cocci were harvested by centrifugation at room temperature and washed 3 times with 50 mM-KC1 containing I mM-potassium phosphate (PH 6.8).
Deviations from this procedure are noted in specific experiments. Wash solution was added to the suspensions so that there were 5-6 mg. cocci/ml.
Incubation procedure. To study phosphate accumulation and acid production, 50 ml. of stored suspension was stirred rapidly at 37" in a titration assembly TTA,, titrator, TTTl, and autoburette ABU1, (Radiometer, Copenhagen, Denmark) . A constant pH was maintained with N-NaOH and the addition of this titrant was recorded by a Model SRL strip-chart recorder (E. H. Sargent and Co., Chicago, Ill., U.S.A.). After I o min. temperature equilibration, 2-25 p~. Na2H82P04 (New England Nuclear Corp., Boston, Mass., U.S.A.) were added. The specific activity of the final incubation medium was usually 45 m,uc./pmole; isotope solution was always less than 0.35 % of the incubation mixture. Unless exogenous glucose was added, cellular levels of radioactivity remained constant from 30 sec. after the addition of isotope to over 2 hr. Ten to 15 min. after the addition of isotope, glucose was added to a final concentration of 0-20 % (w/v), unless otherwise indicated, which diluted the suspension by I %.
The greatest dilution of the incubation mixture resulting from the addition of titrant was 2.4%. Five ml. samples of suspension were filtered at timed intervals through 47 mm., 0.45 p pore diameter Millipore discs (Millipore Filter Corp., Bedford, Mass., U.S.A.). Sampling and filtration required approximately 30 sec.
Throughout these experiments the pH stat incubation flask was open to the air. Incubation mixtures left open to the air, sparged with air, or sparged with argon gave identical values for both phosphate accumulation and acid production.
Acid production was calculated from the recorded addition of titrant to the suspension and from the normality of the titrant.
Phosphate accumulation. Filter discs and samples of filtrate were placed directly into scintillation fluid containing 4 % (w/v) Cab-O-Sil (Cabot Corp., N.Y., N.Y., U.S.A.) (Kinard, 1957; Gordan & Wolfe, 1960) . The discs dissolved and the cocci distributed evenly in the gel, no disc-associated quenching occurred. 32P radioactivity evaluations were carried out with a Tri-Carb liquid scintillation spectrometer, series 314 E (Packard Instrument Co., LaGrange, Ill., U.S.A.). For cold HClO, extracts of cocci, samples of suspension were filtered through Millipore discs. These were placed into ice cold 0.3 N-HC~O, and extracted for 10 min. Total phosphate analysis was carried out after digestion of Millipore discs and trapped cocci in 10 N-H,SO, at 1 5 0 O for I hr followed by removal of carbon by treatment with H202 (Umbreit, Burris & Stauffer, 1957) . Then H202 was destroyed by adding water and boiling. Samples of the digest were analysed for radioactivity. Neither increased quenching nor loss of radioactivity resulted from this procedure.
Radiochemical purity of 32P was evaluated by column chromatography on Dowex-I-Accumulation of phosphate by a streptococcus 353 bicarbonate-8x according to the method of Martonosi (I 960). Only one radioactive peak was obtained and this peak accounted for 996% of the label eluted from the column. Concentrations of KHCOs sufficient to regenerate the column did not elute further radioactivity. Measurement of trapped medium and cell weight. The volume of medium trapped in the Millipore disc was determined by filtering KCl-phosphate wash solution through the disc, weighing the disc, and subtracting the weight of a dry disc. The weight of the cocci in a 5 ml. sample of suspension was determined by filtering this sample, weighing the disc, and subtracting the weight of a wet disc. These procedures were carried out with each experiment. The maximum error in cell weight evaluation due to neglecting the displacement of medium by cocci is 6 %. In calculating the amount of phosphate in cocci, appropriate correction was made for the phosphate contained in the trapped medium.
Evaluation of growth. Growth, as indexed by increased DNA, was examined during incubation. Five ml. samples of suspension were added to an equal volume of 1.0 N- 
RESULTS
Stoichiometry of phosphate accumulation and acid production with varying initial extracellular glucose concentrations. The initial rate of phosphate accumulation (285 pmoleslg. cocci/hr) was independent of the initial extracellular glucose concentration in the range studied (Fig. I a) . By contrast, the total amount of phosphate taken up was a function of the glucose concentration. In the absence of exogenous glucose, no phosphate uptake was detectable.
In the same experiment, the initial rate of acid production was independent of the initial concentration of glucose in the medium and proceded at approximately 5.2 m-equivalents/g. cocci/hr. (Fig. I b) . Thus, the rate limiting step in glucose catabolism appeared to be saturated. In the absence of exogenous glucose, acid production from endogenous metabolic stores was very slow.
The stoichiometric relationship between phosphate accumulated at any given time and acid produced at that same time is shown in Fig. I c. The relationship delineated was independent of the initial exogenous glucose concentration. The pmole of phosphate accumulated per m-equivalent of acid produced continuously decreased and approached a limit.
Stoichiometry of phosphate accumulation and acid production with varying initial extracellularphosphate concentrations. As shown in Fig. 2 a, the initial rate of phosphate accumulation became independent of the initial environmental phosphate level at concentrations of I mM or greater. This maximal rate was approximately 520 pmolelg.
cocci/ hr .
The corresponding initial rate of acid production, at phosphate concentrations of I mM or greater, was about 5-1 m-equiv./g. cocci/hr and there was no initial lag ( Fig.  2 b) . At lower initial phosphate concentrations acid production rates were slower and a lag was observed with 0.2 mM and 'no' phosphate. 
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Again, phosphate accumulation and acid production were stoichiometrically related in a progressively decreasing manner (Fig. 2c) . At the lower phosphate concentrations (< I mM) the ratio of phosphate accumulation to acid production was decreased. Presumably this was due to the lack of saturation of the phosphate accumulation system, Stoichiometry of phosphate accumulation and acid production wtih varying extracellular pH. A stoichiometric relationship between processes, each occurring at maximal rates, does not necessarily imply coupling of those processes. In order to demonstrate that Accumulation of phosphate by a streptococcus 355 the rate of phosphate accumulation and the rate of acid production are actually coupled, incubations were carried out with saturating levels of environmental phosphate and glucose, but with varying environmental pH, so that the rates of processes would be changed. The pH range 7-2 to 4-6 was chosen for study since this is the approximate range existing in the natural environment from which these cells were isolated (Dr G. Charlton, personal communication).
Experiments were carried out in two ways. In the first, the cocci were washed and stored in I mwphosphate at the pH values at which they were subsequently incubated. In the second, the cocci were washed and stored in I m-phosphate at pH 6.8 and adjusted to the required pH with N-NaOH or HCl immediately before testing. With cocci stored at the same pH level as the experimental incubations, the highest initial velocity of phosphate accumulation (430 pmolelg. cocci/hr) and the highest accumulative capacity were observed at pH 6.8 and 7.0 (Fig. 3a) . The accumulation rates and capacities at pH 6.4, 6.0 and 5-6 were progressively lower. The rate and capacity at pH 7-2, after an initially slower accumulation, was intermediate between those at 6.4 and 6.0. Previous experiments had shown no phosphate uptake at pH 5.0. Thus there appeared to be a functional relationship between the rate and the capacity of phosphate accumulation under these conditions of storage and incubation.
Similarly, acid production rates (Fig. 3b) showed the same relative behaviour as phosphate accumulation rates: 6.8 and 7.0 > 6-4 > 7-2 > 6.0 > 5.6. The initial rates ranged from about 7.9 m-equiv./g. cocci/hr at pH 6-8 and 7.0 to 0.64 m-equiv./g. cocci/hr at pH 5.6. There was an initial delay in acid production at pH 7.2.
The stoichiometric relationship of phosphate accumulation and acid production was essentially the same at pH 7-0,6*8,694,6*0 and 5.6 (Fig. 3c) . At pH 7-2, the same relationship developed after a brief period of acid production unaccompanied by 356 J. M. TANZER AND OTHERS phosphate uptake. At all pH values studied, a continuous decrease in the relationship of phosphate accumulated to acid produced again was evident as the limiting accumulation was approached. The environmental pH dictated the point at which the phosphate accumulation and acid production became dissociated.
By contrast, with cocci maintained at pH 6.8 during storage, the initial phosphate accumulation rates showed only slight variations in the pH range 7 -2 to 5.6, with a mean of approximately 520,umole/g. cocci/hr (Fig. 4a) value; pH 6.4, 6.0 and 5.6 gave a discretely lower value; and pH 5-1 and 4.6 yielded progressively lower total accumulations. Therefore, it appeared that the environmental pH ultimately regulated the absolute levels to which phosphate could be accumulated, but did not substantially affect the rate of that accumulation at pH 7.2 to 5-6. The initial rates of acid production are shown in Fig. 4b , they ranged from I 1-0 m-equiv./g. cocci/hr to 2.6 m-equiv./g. cocci/hr (the maximal rate at pH 4.6). At all pH values studied, the stoichiometric relationship between phosphate accumulation and acid production was essentially the same until the limit of accumulation was approached for each case (Fig. 4c) . Again, the environmental pH dictated the point of dissociation of these events. This dissociation occurred latest at pH 7.2, 7.0 and 6.8; earlier at pH 6.4, 6.0 and 5.6; still earlier at pH 5.1; and earliest at pH 4-6. Thus, the rates of phosphate accumulation and acid production, although variable, remain coupled, irrespective of the pH conditions of the storage and/or incubation.
Absence of backflux of phosphate. The specific activity (c.p.m./pmole o-PO,) of filtrates of the suspension was evaluated during the accumulation of labelled phosphate Accumulation of phosphate by a streptococcus 357 to detect the possible efflux of unlabelled phosphate from cocci. The specific activity did not change detectably, since chemically analysed phosphate and radioactivity disappeared in equal proportion from the filtrate (Fig. 5) . Hence, the net flux of phosphate observed in these experiments is essentialfy equal to influx, efflux being insignificant. Standard conditions of incubation with glucose (0.2 %) added after the addition of 2-25 ,uc NaZHaaPO4 were used. Uptake of phosphate into H,SO,-digestible material is indicated by
and into cold HC10,-extractable material by (---) . The concentration of 0-PO4 in the cold HClO,-extractable fraction is indicated by (----) . The symbols denote three experiments whose corresponding values of filtrate 0-PO, concentration, radioactivity and specific activity are given by the same symbols in Fig. 5. General compartmental distribution of accumulated phosphate. In view of the unidirectional flux described above, uptake into the total phosphate pool was calculated by dividing the c.p.m./g. cocci of HzSO, digest by the mean c.p.m./pmole a-PO, of the filtrate. Uptake into the cold HClO, extractable pool was computed similarly. Figure 6 shows that approximately half of the accumulated phosphate was not extracted by coldHClO, and presumably represents high molecular weight material. Chemical analysis of 0-PO, in the cold HC10,-extractable material showed initial values of 9-5 to 22.2 pmolelg. cocci. This pool contracted by over 50% after the addition of glucose and then tended to return to the original levels.
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Comparison of the cold HC10,-extractable o-PO,/g. cocci with 0-PO,/ml. of culture filtrate indicates that cellular 0-PO4 is 5.0 to 35 times more concentrated than medium 0-PO4 (these data are not corrected for the non-aqueous mass of the cocci). In other experiments with an initial concentration of 0.2 MM-o-PO~ in the medium, 83 % of extracellular radioactivity was accumulated by the cocci in 64 min. Assuming intracellular 0-PO, concentrations to be similar to those observed in the present experiment, one would expect coccilmedium 0-PO, ratios in that experiment to be on the order of 25 to 130. Hence, 0-PO4 < must move into the cocci against a chemical gradient even though the intracellular 0-PO, pool is continously being depleted.
DISCUSSION
The accumulation of phosphate by SL-I was strictly energy-dependent , essentially unidirectional and coupled stoichiometrically to acid production. Energy-dependent and unidirectional phosphate flux has been described for yeast (Hevesy, Leggett, 1961; Borst Pauwels, 1962) and Streptococcus faecalis (Harold, Harold & Abrams, 1965) . The stoichiometric relationship between phosphate accumulation and acid production demonstrates a coupling which has not been described by other authors.
Coupling occurred over wide ranges of extracellular glucose concentration, extracellular phosphate concentration, and extracellular pH. A point of uncoupling is, however, dictated by the environmental pH. Acid production continued longer than phosphate uptake, which appeared to have a capacity limited by extracellular pH. Phosphate accumulation did not occur in the absence of acid production; however, acid production occurred in the absence of added phosphate. The data do not indicate the closeness of the coupling nor the direct energetic cost of phosphate accumulation. The rate of phosphate uptake was independent of the environmental glucose concentration in the range 0.01 to 0.30% (wlv) . These glucose concentrations were presumably saturating and submaxirnal rates of phosphate accumulation would be observed at lower glucose concentrations. The rate of phosphate accumulation showed saturation kinetics with respect to the environmental concentration of phosphate.
The rate of accumulation of phosphate by SL-I was essentiallyindependent of pH from 7.2-5.6 provided that the cocci studied had been harvested and stored at pH 6-8. This is similar to the behaviour of Streptococcus faecalis as shown by Harold et al.
(1969, who harvested cells in salts-maleate buffer at pH 7.0 and tested phosphate accumulation immediately. By contrast, when SL-I cocci were harvested and stored at the pH values to be tested, phosphate accumulation rates were strongly pH dependent. This finding is similar to those observed with Staphylococcus aureus (Mitchell, 1954) and yeast (Goodman & Rothstein, 1957) . These observed variations of phosphate uptake rate with extracellular pH, at least with SL-I, may be due to disruption of the phosphate accumulative machinery incurred when energy-depleted cocci are faced with disadvantageous environmental pH for a prolonged period of storage. The hypothesis of Goodman & Rothstein (1 957) that H2P04-is transported in preference to HP042-by yeast seems inadequate to explain the experimental observations of the pH dependency of phosphate accumulation rate with SL-I and S. faecalis (Harold et al. 1965) .
The effect of the environmental pH on the rate of glycolysis is not clear from the literature. Some reports show that fermentation rates are essentially independent of Accumulation of phosphte by a streptococcus 359 pH over a wide range. Below pH 5-0 the rate of yeast fermentation depends upon the amount of K+ present in the incubation medium, Kf counteracting the depressant effect of H+ on fermentation (Rothstein, 1954) . Stralfors (1950) , however, showed with a number of isolates of streptococci, staphylococci, lactobacilli, Gaffkya, Neisseria and yeast that the rate of acid production from glucose depends upon the extracellular pH. No clear difference was apparent with the presence or absence of 10 mM-K+ in the incubation fluid. The rate of acid production by SL-I was dependent upon extracellular pH, even in the presence of 50 mM-K+ in the medium. The effect of pH is probably not due to variation in the products of glucose fermentation since lactate is the predominant end product at pH 7.0 or below (Gunsalus & Niven, 1942; Platt & Foster, 1958) . In view of the coupling of phosphate accumulation to acid production, the pH effect upon the regulation of the rate of glycolysis probably directly regulates the energy supply which in turn determines the rate of phosphate accumulation. By contrast with the rate of phosphate accumulation, the capacity for phosphate accumulation appeared to be controlled by the extracellular pH regardless of the storage conditions. It is not clear how this effect is mediated, but it cannot be ascribed to a limitation of energy since glycolysis continued unabated long after phosphate accumulation terminated .
These experiments showed that the concentration of +PO4 in the intracellular pool was always greater than the extracellular concentration. They also showed that during phosphate uptake the intracellular 0-PO, pool contracted by more than 50 %. If one assumes that 0-PO, taken up from the extracellular fluid passes through the intracellular 0-PO, compartment, then the incorporation of 0-PO, into other phosphatecontaining constituents must be more rapid than the transport of 0-PO4 into the coccus. On the other hand, if extracellular 0-PO, does not initially mix with the intracellular 0-PO, pool, it is still clear that the synthetic events attendent to phosphate accumulation take place partially at the expense of the intracellular GPO, compartment, The suggestion has been made with other cell systems that 0-PO, incorporated from extracellular fluid does not immediately pass through the intracellular 0-PO, pool (Ginsburg, I 967 ; Vestergaard-Bogind, I 963).
Since approximately 50 % of the phosphate accumulated by SL-I was not extractable with cold HClO,, it would appear that a considerable synthesis of high molecular weight material occurs. Furthermore, since the pool of 0-PO, contracted during the accumulation process, a large portion of the cold HC10,-extractable accumulated phosphate must also represent synthetic products.
Phosphate accumulated into the high molecular weight material probably is not located in de nouo synthesized pools of DNA, RNA, protein or cell-wall constituents. Two lines of reasoning lead to this conclusion. Firstly, cocci depleted of an exogenous nitrogen source are not capable of significant growth or net synthesis of DNA, RNA and protein, The absence of an increase of DNA in the experimental incubation system supported this assumption. Secondly, unpublished studies of the metabolic fate of glu~ose-U-~~C indicated complete recovery of glucose carbon in either residual sugar, carboxylic acids, small amounts of Embden-Meyerhof intermediates, or COz. Thus, no carbon is available for appreciable synthesis of nucleic acids, proteins or cell wall constituents. However, exchange of s2P for 31P in these pools is not ruled out. The presence of polyphosphate has not been described in streptococci (Harold, 1966) . Although no direct evidence is now available, the data presented here are consistent
